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ABSTRACT Limited brain uptake of radioligands with otherwise optimal proper-
ties for imaging brain receptors can be improved by blocking the effect of P-glycopro-
tein (P-gp), an efflux pump at the blood-brain barrier. Using small animal positron
emission tomography (PET), we investigated how P-gp and its blockade with Cyclospo-
rin A (CsA) affect rodent brain uptake of [''CI(R)-(—)-RWAY, a radioligand for brain
5-HT;a receptors.

Brain uptake of radioactivity was compared in control and CsA-treated rats as well
as P-gp knockout and wild type mice. Parent radioligand and radiometabolite in
plasma and brain samples were determined at 30 min after injection of radioligand.
PET binding potential (BP) was calculated with a reference tissue model.

P-gp knockout mice had 2.5- and 2.8-fold greater brain uptake of ["'C](R)-(—)-RWAY
than wild type ones, measured by in vivo PET and ex vivo tissue sampling, respec-
tively. Similarly, CsA increased rat brain uptake 4.9- and 5.3-fold, in vivo and ex vivo.
In addition, CsA increased the plasma free fraction of ['C](R)-(—)-RWAY in rats by
2.7-fold. Although CsA increased brain uptake in wild type mice by 2.5-fold, it had no
effect on plasma free fraction in knockout animals. Three radiometabolites of [''CI(R)-
(—)-RWAY were uniformly distributed in rat brain, suggesting they were inactive. CsA
treatment increased brain uptake of [1'C](R)-(—)-RWAY and only one of its radiometa-
bolites. Regional rat brain BP increased 27-70% in the CsA-treated rats and the P-gp
knockout mice.

[MCI(R)-(—)-RWAY is a P-gp substrate in rat and mouse. The effects of CsA in rats
are mediated by both P-gp blockade and displacement of the radiotracer from plasma
proteins. Studies with wild type and knockout mice showed that CsA affected only
P-gp in this species. Synapse 61:96-105, 2007. 02006 Wiley-Liss, Inc.
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INTRODUCTION

The P-glycoprotein (P-gp) transmembrane system is
increasingly recognized as an important modulator of
the disposition of therapeutic drugs and radiopharma-
ceuticals (Ambudkar et al., 1999). P-gp is a member
of the ATP-binding cassette (ABC) family and is pres-
ent in many organs of the body, where it may block
absorption (e.g., intestine), have excretory-like func-
tions (e.g., liver and kidney), or be a part of the bar-
rier to drug entry (e.g., testes and brain) (Ambudkar
et al., 2003; Doige and Ames, 1993). P-gp and prob-
ably other ABC transporters help to create the blood-
brain and the blood-central spinal fluid barriers.
These transporters prevent uptake of a subset of
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drugs that would otherwise have lipophilicity and mo-
lecular weight appropriate to enter brain. For exam-
ple, loperamide is an opiate receptor agonist with
adequate lipophilicity to enter brain, and yet it has
only peripheral and no central nervous system activ-
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ity. Although a mystery for a few decades, we now
know that loperamide is an avid substrate for P-gp
efflux from the brain (Dagenais et al., 2004; Passchier
et al.,, 2003; Sadeque et al., 2000; Schinkel et al.,
1996). If a PET receptor-imaging agent is a substrate
for P-gp, then its brain uptake will be reduced and
consequently an additional kinetic parameter must be
considered in the already complicated analysis of re-
ceptor density. For instance, if a subject had reduced
brain uptake of a tracer, it could not be clearly attrib-
uted to either a smaller number of receptors or a
more active P-gp pump.

(R)-(—)-RWAY is a potent antagonist (K; = 0.6 nM)
of the serotonin subtype 1A (5-HT;,) receptor
(McCarron et al., 2004). We developed a 'C-labeled
version as a PET radioligand for human use. Because
another 5-HT;, antagonist, MPPF with structure
similar to RWAY, is a substrate for P-gp (Passchier
et al., 2000) we tested ['CI(R)-(—)-RWAY in rodents
and found that it was also a substrate for this efflux
pump at the blood-brain barrier. The purpose of this
study was to use [M'C](R)-(—)-RWAY as representative
of a PET radioligand that is vulnerable to P-gp trans-
port and thereby examine the effect of P-gp blockade
in both brain and plasma on quantitation of the imag-
ing results.

MATERIALS AND METHODS
Preparation and analysis of [1'C](R)-(—)-RWAY

No-carrier-added [Cliodomethane, was prepared
from ['Clcarbon dioxide with a PET-trace Microlab
device (GE Healthcare). ["'CI(R)-(—)-RWAY was ob-
tained in a coupled Auto-loop apparatus (Bioscan)
by treating the desmethyl precursor, (2,3,4,5,6,7-Hex-
ahydro-1{4-[1[4-(2-Hydroxyphenyl)-piperazinyl]]-2-
phenylbutyryl}-1H-azepine (0.3 mg) (McCarron et al.,
2004) with [''Cliodomethane at room temperature for
5 min in DMF (80 pl) that contained tetrabutylammo-
nium hydroxide as base (4.5 pl; 0.167 M in methanol).
[MCI(R)-(—)-RWAY was isolated by reversed-phase
high-performance liquid chromatography (HPLC) on
a Ultrasphere column (250 x 10 mm i.d.; particle
size, 5 pwm; Beckman), eluted at 6 ml/min with aceto-
nitrile-0.1 M ammonium formate [(50:50 v/v) for
2 min, increased to 60:40 over 2 min and then main-
tained at 60:40 for 10 min]. The retention time was
9.4 min. The mobile phase was removed by rotary
evaporation and the residue dissolved in 0.9% saline
containing 5% ethanol.

Purity and specific radioactivity were determined
by reversed-phase HPLC on a Prodigy column (250 x
4.6 mm i.d., particle size 10 pm; Phenomenex) eluted
with acetonitrile-0.1 M ammonium formate (50:50 v/v)
at 2 ml/min, with the eluate monitored for radioactivity
and absorbance at 240 nm. ["'C](R)-(—)-RWAY eluted at
5.5 min.

Animal preparation

Male Sprague-Dawley rats and age-matched male
and female P-gp knockout mice (mdr-1a/1b(—/-))
(Schinkel et al., 1994) (model 001487-MM, double
homozygotes) and wild type mice (mdr-l1a/1b(+/+))
(model FVB) were purchased from Taconic Farm
(Germantown, NY). All animal experiments were per-
formed in accordance with the Guide for Care and
Use of Laboratory Animals and were approved by the
National Institute of Mental Health Animal Care and
Use Committee. Animals used in the ex vivo and in
vivo experiments were anesthetized with 1.5% isoflur-
ane in oxygen, and body temperatures were main-
tained at 36.5-37.0°C with a heating pad or lamp. In-
travenous injections (i.v.) were performed via polyeth-
ylene cannulae (PE-10; Becton Dickinson, Franklin
Lakes, NJ) in the rat penile or mouse tail vein. The
cannulae were secured in place with tissue adhesive
(Vetbond; 3M, St. Paul, MN). CsA (100 mg, Sigma-
Aldrich, Milwaukee, WI) was dissolved in ethanol
(440 pl) followed by the addition of Cremophor EL,
(850 mg, BASF, Ludwigshafen, Germany) for a final
concentration of 75 mg/ml. Rats and P-gp knockout
mice were treated with CsA (50 and 25 mg/kg i.v.,
respectively) 30 min before injection of the radioligand.

Rat and mouse brain imaging studies

Rodent imaging was performed with the Advanced
Technology Laboratory Animal Scanner (ATLAS). This
small animal PET camera has an effective transaxial
and axial field-of view of 6.0 and 2.0 cm, respectively
(Seidel et al., 2003). A single rat or a P-gp knockout
and paired wild type mouse were placed in the camera
gantry and administered a bolus injection of radioligand
(Table I). The injected radioactivity was determined
based on (1) the linear range of scanner performance,
i.e., <300,000 per s singles rate and (2) <10% receptor
occupancy. Serial dynamic scans began at the time of
injection and continued for 100 min with frames of 6 x
20 8,5 x 1min, 4 x 2 min, 3 X 5 min, 3 x 10 min and
2 x 20 min. Data were corrected for random events and
detector efficiency. Images were reconstructed by a 3D
ordered-subset expectation maximization algorithm into
17 coronal slices with 3 iterations and 16 subsets, result-
ing in a resolution of approximately 1.6 mm full width at
half maximum (Johnson et al., 2002; Liow et al., 2003).
The reconstructed voxel size was 0.56 x 0.56 x 1.12 mm.
No attenuation or scatter correction was applied.

Tomographic images were analyzed with pixel-wise
modeling computer software (PMOD Group; Zurich,
Switzerland). Regions of interest (ROIs) were drawn
on coronal slices guided by a rat brain stereotaxic
atlas (Paxinos and Watson, 1998). The ROIs included
forebrain, frontal cortex, occipital cortex, hippocam-
pus, and cerebellum. Similar approach was taken in
the case of the mouse where guidance by a mouse
brain atlas (Paxinos and Franklin, 2001) was utilized.
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TABLE 1. Animal and study information

Administered doses

Treatment Species n Weight Radioactivity (MBq) Mass (nmol/kg)
Imaging studies
Control Rat 3 320 = 27 38.0 £ 59 3421
CsA Rat 4 381 = 121 34.9 = 8.6 2.8 12
Wild type Mouse 3 27.8 = 5.1 23.5 = 9.9 149 = 4.1
P-gp knockout Mouse 3 26.7 = 1.9 16.7 = 6.0 152 + 6.6
CsA wild type Mouse 3 32.8 £ 1.9 121+ 14 10.7 = 1.6
CsA P-gp knockout Mouse 3 275 + 2.4 129 = 1.7 8.6 + 2.7
Ex vivo studies
Control Rat 3 321 = 23 54.0 = 13.3 3.7+13
CsA Rat 3 282 *+ 28 54.2 = 114 6215
Wild type Mouse 4 30.1 £ 4.9 125 =179 14.2 = 8.3
P-gp knockout Mouse 4 23.9 + 2.2 11.2 + 5.8 17.1 = 11.0

Brain uptake of radioactivity was decay corrected to
injection time and expressed as percent standard
uptake value (%SUV), which normalizes for injected
radioactivity and body weight.

%SUV = [(radioactivity per g tissue)/injected radio-
activity] x g body weight x 100.

To quantify 5-HT; receptor density, we used a two-
parameter multi-linear reference tissue model (MRTMZ2)
(Ichise et al., 2003), with cerebellum as the reference
region. This method estimates BP (which is proportional
to receptor density) and blood flow of the region relative
to cerebellum (R;). To assess the specific binding after
CsA treatment, a displacement study was performed
in CsA-treated rats with i.v. injections of WAY 100635
(2.0 mg/kg, Axon Bio Chemicals, The Netherlands) at
20 min after radioligand injection.

Measurement of parent and radiometabolites
in plasma and brain

Thirty minutes after injecting the radioligand, anti-
coagulated blood samples (2 ml) were obtained by car-
diac puncture. The animals were then sacrificed im-
mediately by decapitation and brain tissue processed
as described below. The plasma samples (300 pl) were
isolated from whole blood with centrifugation at
1800g for 3 min (Model 426, Thermo IEC; Needham
Heights, MA) and placed in acetonitrile (700 pl) spiked
with standard (R)-(—)-RWAY (20 pg) and mixed well.
Water (100 pl) was then added to the plasma-acetoni-
trile samples and mixed again. The total radioactivities
were measured in a calibrated y-counter with an elec-
tronic window set between 360 and 1800 keV (counting
efficiency, 51.9%) (Model 1480 Wizard; Perkin-Elmer,
Boston, MA).

The brain was resected, weighed, placed in acetoni-
trile (0.5-1.0 ml spiked with 50 pg (R)-(—)-RWAY),
and then measured in the y-counter. Brain tissues were
then homogenized (Tissue Tearor, Model 985-370; Bio-
Spec Products, Bartlesville, OK) and again after the
addition of water (9% of its tissue-acetonitrile volume).
The homogenizer was decontaminated between samples
with three washes of acetonitrile. Samples were centri-
fuged at 9400g for 1 min (Allegra™ 21R, Beckman
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Coulter Inc., Palo Alto, CA). y-Counter measurements
were taken to monitor the acetonitrile extraction effi-
ciency. Thus, the supernates were analyzed by HPLC
and the radioactivities in the resulting precipitates
were used to calculate the percent recovery of radioac-
tivity in the acetonitrile supernates. The tissue parent
and radiometabolite concentrations were calculated as
the product of the radio-HPLC fractional parent or
radiometabolite activity multiplied by the total tissue
dpm/g. The recovery of added [MCI(R)-(—)-RWAY to
plasma samples was >95%, and the recovery of total
radioactivity from tissues and plasma samples was >90%.

The radioanalytical system used in these studies
consisted of Beckman Gold (Palo Alto, CA) pumps in
line with a photodiode-array detector and a flow-
through Nal(T]) scintillation detector/rate meter (Bio-
scan; Washington, DC,USA). Reverse phase chroma-
tography was carried out on Novapak C;g column
(100 x 8 mm?; Waters, Milford, MA) with a radial
compression module RCM-100 eluted with methanol:
water: triethylamine (75:25:0.1; by volume), at 2.0 ml/
min. Radio-chromatographic data were collected and
stored on “Bio-Chrome Lite” software (Bioscan) and
analyzed after decay correction of the radiochromato-
grams. The recovery of radioactivity from HPLC col-
umn was monitored either by +v-counter measure-
ments of the eluates or by injection of absolute meth-
anol (2 ml) at the end of a radiochromatography with
continued monitoring of radioactive eluates.

The plasma free fraction (f;) of ['CI(R)-(—)-RWAY
was determined by ultrafiltration with Amicon Cen-
trifree®™ units (30 K M.W. cut-off; Millipore, Milford,
MA) at a centrifugal force of 3000g for 20 min, as pre-
viously described (Gandelman et al., 1994). The effect
of CsA treatment was determined in plasma collected
from a control rat and another rat at 30 min after
injection of CsA (50 mg/kg).

RESULTS
Radioligand

[MCI(R)-(—)-RWAY was prepared from the desmethyl
precursor with an overall decay-corrected radiochemical
yield of 26.7% * 11.8% (n = 23; mean * SD). The
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Time-activity curves from PET images of ["'CI(R)-(—)-RWAY in control and CsA-treated

rats (A) and in wild type and P-gp knockout mice (B). Open symbols are forebrain and solid symbols
are cerebellum. CsA (50 mg/kg) was administered 30 min before injection of the radioligand. Each

curve is the mean + SD %SUV from 3 animals.
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Fig. 2. Uptake of ['CI(R)-(—)-RWAY in rat brain. Regions of interest were placed on left and right
hippocampi (A), using coronal PET images with reference to a rat brain atlas (B). Total uptake of
radioactivity is shown in control (C) and CsA-treated rats (D). Similarly, BP images are shown in con-

trol (E) and CsA-treated animals (F).

radiochemical purity was 99.9% = 0.2% (n = 23). The
specific radioactivity, decay-corrected to the time of
injection, was 39.1+ 15.8 GBg/p.mol.

Rat and mouse brain imaging studies

After administering [M'C](R)-(—)-RWAY, forebrain and
cerebellar radioactivity peaked early (within one min)
but was only 80 and 100% SUV in control rats (n = 3)
and in wild type mice (n = 3), respectively (Figs. 1 and
2). CsA treatment caused ~4-fold increase in peak re-

gional rat brain uptake (n = 3), and the P-gp knock-
out mice had ~2.6-fold greater uptake (n = 3) than
those in the wild type animals. Peak uptake values
are vulnerable to variability due to the speed of
injecting the radioligand. For this reason, we assessed
the effect of P-gp blockade and or its genetic inactiva-
tion using area-under-the-curves (AUC) of the plot of
regional brain uptake (%SUV) vs. time for the entire
duration of the scan. CsA caused a 4.9-fold increase
of brain uptake in rats, and P-gp knockout mice had
2.5-fold greater uptake than wild type mice. Thus,

Synapse DOI 10.1002/syn
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Fig. 3. Time-activity curves of ['*CI(R)-(—)-RWAY in the 5HT;4-rich (hippocampus, frontal cortex,
occipital cortex) and poor (cerebellum) regions of the brain in CsA-treated rats (A) and when displaced

at 20 min by WAY 100635 (2 mg/kg i.v.) (B).
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Fig. 4. Effects of CsA treatment in rats (A) and P-gp knockout mice (B) on the BP of [1*CI(R)-(—)-
RWAY in hippocampus, frontal cortex, and occipital cortex. BP was determined from PET image anal-
ysis with MRTM2 and using the cerebellum as the reference input.

AUC and peak brain uptake measurements showed
similar effects, consistent with CsA causing a sus-
tained blockade of P-gp during the entire scan.

In the displacement study, after CsA administra-
tion, the increased forebrain uptake of [MCI(R)-(—)-
RWAY was displaced by WAY 100635 down to the non-
specific level found in cerebellum (n = 1, Fig. 3). This
displacement suggests that the CsA-enhanced signal
was parent radioligand specifically bound to 5-HT;,
receptors rather than an inactive radiometabolite.

We used a reference tissue method to calculate
pixel-wise values of BP, which is proportional to re-
ceptor density and equal to the ratio at equilibrium of
specific to nondisplaceable uptake. Since an F test
has shown that variances were equal (P < 0.995), a
one-way analysis of variance was performed for the
BP between control and CsA-treated rats, and
between wild type and P-gp knockout mice. Results of
the one-way analysis of variance demonstrated a sig-
nificant effect of P-gp inactivation (« = 0.05) in all
regions except for mouse frontal cortex. The mean BP
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values in all three regions of both rats and mice (Fig.
4) ranged from 27 to 70% higher in the P-gp modu-
lated animals than the corresponding control animals.
However, 27-70%, increase in BP in the P-gp modu-
lated animals was much smaller than the 2.5 to 4.9-
fold uptake increase seen with the AUC. The variable
increase in mean BP could have been caused by a dif-
ferential regional brain localization of P-gp function.
For example, inactivation of P-gp in rodents may
have caused a relatively smaller effect in cerebellar
uptake and thereby increases the regional BP. Thus,
for radiotracers that are substrates of P-gp, reference
tissue methods to estimate receptor rodents density
may be vulnerable to error because of regional varia-
tion in the function of P-gp.

Use of P-gp knockout mice to assess
the peripheral effects of CsA

CsA has several peripheral effects not mediated by
P-gp blockade e.g., inhibition of CYP3A4 and toxicity to
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Fig. 5. Ex vivo rat plasma and regional brain distribution (%SUV) of [''C](R)-(—)-RWAY and its
three radiometabolites in control (A) and in CsA-treated (B) rats at 30 min after radioligand injection.
The radioactivities were resolved into the various components with reversed phase HPLC. Each bar

represents the mean of triplicate rats = SD.

liver and kidney (Moochala and Renton, 1986; Wacher
et al., 1998). We used the P-gp knockout and wild type
mice to assess these peripheral effects. Using brain AUC
as the outcome measure, CsA treatment increased uptake
in wild type mice from 4100 *= 472 to 10,200 = 2550
%SUV-min (n = 3). In contrast, CsA treatment of P-gp
knockout mice had negligible effects, from 10,100 + 2330
to 10,200 = 2600 %SUV-min (n = 3). In summary, CsA
treatment made the wild type mouse response similar to
that of the knock-out mouse. CsA had no effect in the
knock-out mouse, suggesting that it had no measurable
peripheral effects on brain uptake of ["'C](R)-(—)-RWAY.

Ex vivo plasma and regional brain
composition study

CsA treatment of rats caused 2.7-fold increase (P <
0.005) in the plasma free fraction of [M!'CI(R)-(—)-
RWAY, from 1.21% = 0.04% to 3.29% = 0.40%. CsA
may have displaced radioligand binding to plasma
proteins and thereby made more of the radioligand
available to enter brain. CsA caused 5.3-fold increase
of brain uptake in rat (see above), and about half of
that effect (i.e., 2.7-fold) may have been caused by the
increase in plasma free fraction.

For the mice, plasma free fraction was not responsi-
ble for increased brain uptake in the P-gp knockout
animals. In fact, the f; values in the knockout mice
(1.74% = 0.1%) were lower (about 25%) than that in
wild type mice (2.31% = 0.12%). That is, despite
lower f; values, the P-gp knockout mice had higher
brain uptake.

The ex vivo components of radioactivity and their
distributions in rat brain and plasma were measured
chromatographically at 30 min following the bolus
injection of [M'CI(R)-(—)-RWAY (Fig. 5). Three radio-
metabolites of [M'CI(R)-(—)-RWAY were detected both
in plasma and brain. These radiometabolites eluted
earlier than the parent radioligand, indicating that
they were less lipophilic than [M'C](R)-(—)-RWAY. Con-
trol rat forebrains contained 92.2% =+ 2.5% parent
and those of the CsA treated animals 95.8% * 0.8%.
In the control rats, the %SUVs of [MCI(R)-(—)-RWAY
in the hippocampus, frontal cortex, and occipital cor-
tex were 81, 61, and 55 compared to 461, 304, and
292 respectively, in the CsA-treated rats (Fig. 5B).
CsA-treatment caused an average of 5.3-fold (5.0-7.0)
increase of uptake in hippocampus compared to con-
trol rats (Fig. 5A). Note that the lower uptake value

Synapse DOI 10.1002/syn
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Fig. 6. Ratios of the regional brain concentration of [''C](R)-(—)-RWAY and its radiometabolites to
their cognates in the nonspecific cerebellar region in control (A) and CsA-treated rats (B) at 30 min

after radioligand injection.

in hippocampus for in vivo imaging compared to ex
vivo measurement is likely due to the effect of partial
volume averaging exacerbated by the unique shape of
hippocampus.

The ratios of tissue concentration of [M'CI(R)-(—)-
RWAY and of its individual radiometabolites to their
cognates in the cerebellum (Fig. 6) reveal the pres-
ence or absence of 5-HT;, receptor-specific binding
for each radiochemical species. The nonspecific distri-
bution of the radiometabolites in all brain regions, for
both groups of rats was evident by their ratio of unity.
The parent radioligand ratios in the frontal cortex
and hippocampus were 4.2 = 2.3 and 5.5 = 2.6 in the
control rats (Fig. 6A) and 5.4 = 1.8 and 8.2 * 2.6 in
the CsA-treated ones (Fig. 6B), respectively.

Radiometabolites A, B, and C were present in all
brain regions and plasma, with B showing the lowest
concentrations (0.0-1.1%SUV). The concentrations of
these metabolites were similar among target and
background regions of brain, suggesting that they are
inactive (i.e., they do not bind to 5-HT; receptors).
Radiometabolite C had the highest concentration,
which was increased 3-fold with the CsA-treatment.

Synapse DOI 10.1002/syn

We also examined the ratio of brain to plasma par-
ent concentrations, because P-gp blockade should
increase this ratio for compounds that are substrates
for this transporter. The plasma concentrations of
[MCI(R)-(—)-RWAY were unchanged whether the P-gp
efflux pump was pharmacologically blocked in rats or
genetically knocked out in mice, but the brain uptake
relative to plasma was increased (Table II). The %SUV
of [M'CI(R)-(—)-RWAY in plasma of control (12.0 = 1.6)
and CsA-treated rats (8.3 = 1.7) were similar, but the
corresponding hippocampal %SUV values were 81 + 8
and 461 = 5 respectively (Table II). Thus, the brain to
plasma ratio in hippocampi of CsA-treated rats was
57, compared to ~7 in control animals. Similar trends
were observed in mice, where the brain to plasma ratio
of [M'CI(R)-(—)-RWAY in knockout mice was 19, com-
pared to ~5 in wild type animals.

These ex vivo measurements from a single time
point (30-min) are difficult to interpret definitely.
That is, single time-point measurements are vulnera-
ble to CsA-induced changes in the kinetics of the par-
ent or radiometabolites and may not reflect measure-
ments with AUC integrated throughout the studied
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TABLE II. Ex vivo plasma and brain distribution
of [""'CJ(R)-(—)-RWAY

%SUV [M'CI(R)-(—)-RWAY

Brain/
Treatment Species Plasma Brain® plasma ratio
Control Rat 12.0 = 1.6 81.0 = 8.0% 6.8 = 0.3%
CsA Rat 8317 461.0 = 4.8 57.0 = 13.3*
Wild type Mouse 71x39 31.4 = 13.0 5.0+ 1.9
P-gp Mouse 55 * 34 88.2 = 23.7 18.6 = 6.9
knockout

“Rat brain region is hippocampus, and the mouse is whole brain.

period. Nevertheless, these ex vivo results confirm
that the CsA-induced increase of brain radioactivity
seen with PET is due primarily to the parent radioli-
gand itself, with less significant absolute or relative
changes in any of the radiometabolites.

DISCUSSION

[MCI(R)-(—)-RWAY is clearly a substrate for P-gp in
rodent brain. In vivo PET imaging and ex vivo tissue
radiochromatography showed >2.5-fold increase in
brain uptake of radioactivity with pharmacological
blockade or genetic inactivation of P-gp. Furthermore,
CsA increased the ratio of [''C](R)-(—)-RWAY concen-
trations in brain to plasma, consistent with the local-
ization of this efflux transporter at the blood-brain
barrier. Treatment with CsA also caused peripheral
effects that might have been interpreted to be the
result of P-gp blockade. We examined the effects of
CsA on the metabolism of [''CI(R)-(—)-RWAY and its
plasma protein binding.

Radiometabolites in brain and plasma

Radiochromatographic analysis was necessary to
monitor composition of brain radioactivity to assess
their influence. The measurable amounts of radiome-
tabolites were low and constituted ~8% of the total
radioactivity in rats and ~13% in mice. The enhanced
brain levels of radioactivity after P-gp blockade was
mainly due to ['CI(R)-(—)-RWAY itself. Three distinct
radiometabolites were resolved. Because of their uni-
form distribution in brain, these radiometabolites are
probably inactive (i.e., have negligible affinity for the
receptor). This approach to identify active vs. inactive
metabolites can be applied when the distribution of
the target varies among brain regions (Shetty et al.,
2006; Zoghbi et al., 2005, 2006).

CsA increased the concentration of radiometabolite
C in rat brain, and that metabolite may also be a sub-
strate for P-gp. Nevertheless, the metabolic profile
was measured at one time-point (30-min) and may be
confounded by CsA-induced changes in the kinetics of
metabolism.

In summary, although CsA-enhanced uptake of
radioactivity could have been a peripheral metabolic
effect, we found that the primary cause was enhanced
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uptake of the parent radioligand, with a minor contri-
bution from radiometabolite C.

Effect of CsA on plasma free fraction

We found that CsA increased the plasma free frac-
tion of [M'CI(R)-(—)-RWAY in rats, perhaps due to dis-
placement of radioligand from plasma proteins. This
effect was substantial, with 2.7-fold increase in f;.
Depending on the radioligand transfer rate into brain
and the kinetics of dissociation of plasma protein rela-
tive to capillary transit time, brain uptake can be as
much as linearly proportional with plasma free frac-
tion. If true for ["'CI(R)-(—)-RWAY, then a sizeable
proportion of the increase in brain uptake induced by
CsA may actually have been caused by displacement
of radioligand from plasma proteins. We measured f;
of the radioligand at a time of high plasma CsA con-
centration (i.e., 30 min after its administration), and
the 2.7-fold increase of plasma free fraction may not
have been sustained for the entire PET scanning ses-
sion. Nevertheless, this study highlights the impor-
tance of examining potential peripheral effects of P-
gp blocking drugs on plasma free fraction.

Could pharmacologic doses of the blocking drug
WAY 100635 acted like CsA and displaced ["'CI(R)-
(—)-RWAY from plasma proteins? We did not examine
the possible increase in f7, but it can occur if the pro-
tein binding site is saturable. The primary purpose of
the blocking study was to confirm that receptor bind-
ing was saturable and reduced brain activity in all
regions to uniform levels of nondisplaceable uptake.
Our studies confirmed complete displacement (i.e.,
saturability) of radiotracer binding to the 5-HT;4 re-
ceptor. An increase of plasma f; would increase non-
specific brain uptake. Such an increase is not appa-
rent in Figure 3B but cannot be excluded because of
the concurrent clearance of the radiotracer during
this experiment with bolus injection of radiotracer. In
light of the effects of CsA to increase fi, examination
of the effects of receptor saturating doses of displac-
ing agents should also be considered.

Use of P-gp knockout mice to assess
the peripheral effects of CsA

Effects of the CsA-treatment in the P-gp knockout
mice should reflect solely the non-P-gp effects of CsA-
treatment, since these mice lacking this efflux pump.
Brain AUC values of the CsA-treated and the non-
treated P-gp knockout mice were indistinguishable
and therefore we can assume that CsA demonstrated
negligible peripheral effects in the mice. Mice received
CsA-treatment at a dose concentration of 25 mg/kg,
which is half the dose that the rats received. Mice typ-
ically did not survive doses greater than 50 mg/kg.
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Receptor occupancy by radioligand

Because of the small size of the rodent brain, a low
specific radioactivity of the radioligand can confound
imaging results (Jagoda et al., 2004; Kung and Kung,
2005). The nonradioactive ligand can occupy a high
enough proportion of the receptors such that BP is no
longer linear with free concentration or injected radio-
activity. We estimated receptor occupancy by compar-
ing the specific uptake (defined as target region minus
cerebellum) to published values of 5-HT; receptor
Bax (receptor density). Based on an average B,.. in
forebrain of 50 fmol/mg tissue (Flugge et al., 1999), re-
ceptor occupancy of specific uptake was <10% for the
in vivo studies in rat and mouse. For the ex vivo study
of hippocampus, we estimated B, to be 100 fmol/mg
tissue, since this region has higher receptor density
than the forebrain as a whole. The estimated receptor
occupancies for the ex vivo hippocampal measurements
were <10% for control animals but ~25% with CsA
treatment. Occupancies less than 10% would cause
minimal errors in the imaging and direct tissue meas-
urements of BP. Nevertheless, the receptor occupancies
associated with CsA-treatment for ex vivo (but not
in vivo studies) may be problematic. High receptor oc-
cupancies by the nonradioactive ligand would be ex-
pected to artificially decrease BP. That is, receptor
binding would begin to saturate and become nonlinear.
In fact, the CsA ex vivo values of BP were higher
than, although not statistically different from, control
animals. For example, the hippocampus to cerebellum
ratios changed from 5.5 = 2.6 in controls to 8.2 = 2.6
after CsA treatment (Fig. 6). Because of the higher re-
ceptor occupancy associated with CsA treatment, we
have probably underestimated the increase in BP, i.e.,
the true value of BP should be >8.2, which has signifi-
cant implications about how best to quantify 5-HT s
receptor density with [M'C](R)-(—)-RWAY in rodents.

Implications for receptor quantitation

How should receptor density be quantified if the ra-
dioligand is a substrate for P-gp? Compartmental
modeling with an arterial input function is commonly
regarded as the “gold standard” in PET neurorecep-
tor imaging. Distribution volume is the outcome mea-
sure of compartmental modeling and equals the ratio
at equilibrium of radiotracer concentrations in brain
and plasma. Thus, if the radioligand is a P-gp sub-
strate, compartmental modeling with arterial input
function cannot distinguish changes in receptor den-
sity from those that are caused by the activity of P-
gp. The complexity of this question can be under-
stood, in part, by considering the proposed mecha-
nism of P-gp. This efflux pump has a preference for
lipophilic compounds and is thought to transport
them directly from the membrane itself (Gottesman
et al., 2002). The drug does not cross the blood brain
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barrier for subsequent transport from the extracellu-
lar domain of brain to the plasma. That is, before the
drug completely crosses the endothelial membrane, it
is transported back to plasma. In the absence of other
identifying information, the effect of P-gp efflux could
be equally well modeled by an increase of K, (efflux
from brain) or a decrease of K; (transport to brain).
Modeling with standard brain and plasma time-activ-
ity curves cannot distinguish these two possibilities.
In this situation, the reference tissue input may be
the preferred approach. The outcome of such analysis
is BP, which equals the ratio at equilibrium of specific
to nondisplaceable brain radioactivity. If P-gp effects
are uniform throughout brain, then this efflux trans-
porter should cause the same percentage effect in spe-
cific and nondisplaceable regions, and BP should be
unchanged. Our results showed that BP (i.e., ratio to
cerebellum) was much less affected by P-gp blockade
than distribution volume (i.e., ratio to radioligand
concentration in plasma). Nevertheless, we found a
consistent increase in the mean ratios of forebrain to
cerebellum radioactivity with CsA blockade in rats
and with genetic inactivation of P-gp in mice (Figs. 4
and 6). These results suggest that P-gp is not uni-
formly distributed in rodent brain and that BP as
well as distribution volume may be confounded by
regionally variable P-gp activity. To estimate these
effects in humans, the regional uniformity of P-gp
could be examined in monkey brain and even on a
pixel-by-pixel basis.

The human mdrl (also called abc bI) gene that en-
codes P-gp has several single nucleotide polymorphisms
that alter the pharmacokinetics and pharmacodynam-
ics of drugs that are substrates for this transporter
(Ieiri et al., 2004; Kurata et al., 2002). The effects of
these polymorphisms on radiotracers like ['Clvera-
pamil that are substrates for this transporter are just
beginning to be examined (Takano et al., 2006).

CONCLUSION

We used both pharmacologically treated rats and
transgenic mice to examine the role of P-gp as an
efflux transporter of ['C](R)-(—)-RWAY. Although this
radioligand is clearly a P-gp substrate in rodents, we
recommend care be used to examine peripheral effects
of P-gp inhibitors, such as metabolism and plasma
protein binding, to isolate those effects that are medi-
ated by P-gp itself at the blood-brain barrier.
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